The influence of nonlinear beat conduction is investigated for strong point explosions in an ambient gas. An ideal gas equation of state and a heat conductivity depending on temperature and density in power-law form are assumed. It is shown that two spherical waves are obtained-a shock wave and a heat wave. They have sharp fronts which run at different speeds, in general, and in a relative order depending on parameters and time. Starting from the underlying Lie group symmetry, self-similar solutions of the problem are discussed in detail; they exist under the assumption that the ambient gas density decays with a given power of the radius. The non-self-similar situation, occurring for uniform density, is also considered. In this case, the shock front first runs behind the heat front, but then overtakes it at a certain time t, . For t> t, , the well-known hydrodynamic solution of the problem without heat conduction becomes valid, except for a central, almost isobaric region where heat conduction modifies the classical result and keeps the temperature finite. It is shown that this central zone still has the form of a heat wave with a sharp front and evolves self-similarly, though with a smaller similarity exponent than the global hydrodynamic wave. Analytic results for the central temperature and the radial extension of the conduction dominated zone are given.
I. INTRODUCTION
This is a study of gas-dynamical solutions for strong point explosions in a cold gas taking into account heat conduction. A point explosion is ideally defined as the instantaneous release of a large amount of energy in a volume of zero extension. It is well known' that it creates a spherical shock wave in the ambient gas with a front trajectory r,(t) cc t 2'5. This power law is easily derived by dimensional analysis. It indicates that the problem has a self-similar solution. Assuming an ideal gas equation of state, even a complete analytic solution of this gas-dynamical problem was found by Sedov;' it is given in the Appendix for reference.
Heat conduction is neglected in this classical solution. Its temperature T(r,t) and its temperature gradient dT( r,t)/& diverge in the center, and therefore heat conduction will certainly modify the purely hydrodynamical solution and lead to a finite temperature in the center. Even more drastic changes are expected at early times when the energy transport by heat conduction is supersonic and therefore much faster than the hydrodynamic flow. In the limit t-0, the point explosion can be described by the heat conduction equation alone, ar ld -=Fz xr2$-, at ( > neglecting hydrodynamic motion completely. Assuming that the heat conductivity x a Tb has a power-law dependence on the temperature, a spherical heat wave develops with a sharp front which runs along the trajectory rh ct) at I/(36+ 2) and separates the heated gas region from the cold ambient gas. The complete analytic solution of this problem was derived by Barenblatt" and is also given in the Appendix. Again the solution is self-similar, but this time with a similarity exponent l/(36 + 2) instead of 5. In the case that the heat conductivity has a temperature exponent b = 16, both the heat wave and the hydrodynamic wave evolve with the same time law, and a complete self-similar solution may be obtained. However, in physically relevant situations, where b> 1, the trajectories of the ideal heat wave and ideal shock wave run at different speeds and would cross at some time t = t, , when plotted together as in Fig. 1 .
The following physical picture arises: at very early times, the explosion front is supersonic and is carried by nonlinear heat conduction. The front then strongly decelerates, and hydrodynamic motion including an isothermal shock sets in inside the heated material. At times t > t, , the heat front becomes subsonic, and the shock front is running FIG. 1. Trajectories of a shock front and a heat front driven by a strong point explosion in a uniform gas. The shock front corresponds to Sedov's solution of the pure hydrodynamic problem without heat conduction, whereas the heat front corresponds to Barenblatt's solution with a heat conductivityz a T5" neglecting hydrodynamic motion. The fronts intersect at radius r = r, and time 1= t, ahead. This is then the regime described by Sedov's solution, except for a central region where heat conduction still plays a role and keeps the temperature finite.
The qualitative picture conjectured above is based on a general discussion of nonlinear heat waves coupled to hydrodynamics, we refer to the classic work of Marshak4 and the book of Zel'dovich and Raizer.5 the naive assumption that the two limiting solutions, valid asymptotically for t-0 and t--+ 00, can be simply superimposed for any time. Of course, under this assumption the nonlinear interaction between hydrodynamics and heat conduction is neglected. The intention of the present paper is to study the interplay between these different physical transport mechanisms by producing explicit solutions of the gasdynamical equations including heat conduction. The result will be that the qualitative picture drawn above with two individual fronts-a shock front and a heat front running against each other-survives to a surprisingly large extent, even though there are quantitative changes due to the interaction The method of analysis is to enforce complete self-similarity and to solve the corresponding reduced ordinary differential equations for different energies & released in the point explosion. Complete self-similarity may be achieved even for physically reasonable parameters of the heat conductivity by choosing an ambient gas with a radial density profile varying likep a r K with KZ -2; actually, such cases are of interest in the context of astrophysical explosions such as supernovas. Of course, in the case of complete self-similarity, the relative position of heat and shock waves expressed by the ratio t-,/r, does not depend on time. Nevertheless, situations with different ratios r,/r,$ as discussed abovewith the heat front behind the shock or vice versa----can be studied by varying E,. The conjecture is that qualitative features seen in the self-similar solutions, e.g., the occurrence of two sharp fronts and the way they shift against each other as a function of EO, will also be characteristic for non-self-similar solutions as they develop in time, e.g., in the case of a uniform ambient gas and fixed E,, .
The basic equations including heat conduction are introduced in Sec. II and are discussed with respect to their scaling symmetries. These are part of the full Lie group symmetry and give rise to the similarity solutions. Using the similarity ansatz, the reduced ordinary differential equations (ODE's) are obtained in Sec. III, and the analytic behavior of the solutions is analyzed for special singular points such as shock, heat, and ablation fronts as well as the central point r = 0. This somewhat tedious analysis is indispensable for the actual numerical integration, discussed together with representative results for the case of a point explosion in Sec. IV.
The general insight obtained from the self-similar analysis suggests a new method to construct a non-self-similar, almost analytical solution for times t % f, . The corresponding derivation is contained in Sec. V and leads to an analytic formula for the central temperature. This is another major result of this paper. Finally, we summarize our results in Sec. VI. For reference, the solutions of Barenblatt and Sedov are given in the Appendix. The work of Korobeinikov, published in the years 1955-57 on the topic of the present paper, is quoted in Sedov's book;' unfortunately, we did not succeed in obtaining the corresponding Russian journals. As for
II. BASK EQUATIONS AND SCALING SYMMETRIES
The one-dimensional gas-dynamical equations with heat conduction are aP -Fe-
Here, the densityp, the velocity u, the pressurep, the specific internal energy e, the heat flux S, and the temperature Tare functions of time t and the spatial coordinate r, and n = 1,2,3 refers to planar, cylindrical, and spherical symmetry, respectively. An ideal gas equation of state is assumed (y-l)*e=p/p= rT,
with the adiabatic exponent y and the gas constant I-, and the heat conductivity is taken in the form y = xop"Tb, (4) with constantsxO, a, and b appropriate for a given material; throughout this paper we assume a& b>l,
in agreement with normal physical values. In the case of electronic heat conduction in a plasma, one has a = 0 and b = I, for radiative heat conduction in Dyson's limit a = -1 and b = 4, and for radiative heat conduction in a fully ionized plasma Q = -2 and b = y (see, for example, Ref. 5). The basic equations (2) are invariant with respect to scale transformations6 The most general scaling generator can be written in the form G, = G, + aG, + a(n + K)G,~, where (6) 6,=&a,--@a,--2T&, GL =rd,+ud,+2T&.-npd,, GM =P a,,, are the generators for transforming the time unit r, the length unit L, and the mass unit M, respectively, and a and K are free parameters. The continuity equation and the momentum equation in system (2) contain no dimensional constant and are therefore invariant under G,,. The energy equation contains the constant ~~~/l?~ ' ' with the dimensions M' -"*L n(u-')-zb't2~r2b-'; this is obtained from the energy equation in system (2), keeping in mind that the density p scales like M/L rr and therefore the flux S like (M/L ") (L /r)'. Acting with G,, on the dimensions of X()/r* + '9 invariance is obtained under the condition (a-i)K= (2b-l)(a-'-1) + 1.
The generator (6) with the parameters a and K restricted by condition (7) is therefore a symmetry operator of Eqs. (2). Self-similar solutions are found in terms of the invariant expressions 6 = r/cc It I"),
0(&T) = rT(r,t) Car/t) -2,
with constants 5 and g,. The invariance is easily verified by operating with G, on these quantities. In what follows, it is implicitly assumed that the boundary conditions also satisfy the symmetry. Lie group theory ensures that the partial differential equations (2) for ~(r,t), T(r,t), andp(r,t) reduce to ordinary differential equations for U(c), O(l), and G(c). These reduced equations are analyzed in Sec. III and are integrated for the case of a point explosion in Sec. IV.
III. REDUCED EQUATIONS AND SINGULARITY STRUCTURE
Inserting the invariants (8) subject to the condition (7) into the basic equations (2), one obtains the reduced selfsimilar equations
where ( )'=d( )/d In g, ,u=2/(y -l), and
(10) In this paper, exploding solutions with t > 0 are discussed; it is mentioned, however, that imploding solutions with t < 0 are also admitted, in general. Equations (9) can also be obtained with the more general equation of state e*(y-1) =p/p= IT" and the parameter ~21. In this case one has to substitute T" for Tin the definition of the invariantO,X,,/vfor,x,,and(b + l)/yfor(b + l).Inthe following, we will only consider the case Y = 1.
It is sometimes convenient to introduce the dependent variables
From the identity S(r,t)/p(r,t) = a(r/t) WCQ,
it becomes clear that W has the physical meaning of a reduced heat velocity. With the definitions (11) the system of ordinary differential equations (9) first-order system:
Equations (13) can be brought into the differential form No Nw (14) where
-(a-'-1). This form is particularly useful for discussing the singularity structure. For the numerical integration, it is essential to control the solutions analytically in the neighborhood of singular points.
A. The sonic hyperplanes
Consider the five-dimensional space [In 6, U,@, (in O) ',H] . The main singularity of the ODE ( 14) is given by N, = 0, i.e., the sonic hyperplanes u=1+@.
(15) Integration curves that cross the sonic planes continuously have to satisfy N, = 0 at the crossing point, that is,
A careful investigation of the second derivatives shows that the coordinate 6 reaches maximum (or minimum) values at the crossing points and that corresponding solution curves U( 6) , 0 (6) , H( 6)) and W( 5) are double-valued and therefore nonphysical. Physical solution curves connecting points on different sides of the sonic plane will, in general, contain a shock discontinuity. * B. The singularity structure at the center We restrict our considerations to solutions that have finite pressure at the center, g = 0, and exclude the planar case n = 1. For l-0, the power-law ansatz u-~0~ w, G-Gog"-K, @-+O& -6-2, (17) inserted into Eqs. ( 13 ), yields w=o, u, = (S-K)/(S+n), (18a) and leads to one of the following cases: case 1: 6=(n-2)/(6+1---a), n=3; case 2: 6 = 0;
For r-+0, the physical quantities have the asymptotic behavior p( r,t) -Y 9 OCK -6),
We have investigated all four cases in detail. Here, we present only some aspects of the first two cases, since the last two are very restrictive (case 3 contains only one free parameter, and case 4 imposes a number of conditions on the quantities n, y,a,K,&bbi.
Case 1 has the expansion u= u, + u,g+ **-, G=G,g *--*(l +G,&f *es), 0 = o,cJ -6-2(1 + T,g+ a**), for g-0; Go, O,, and T, are free parameters, and G, = -T,,
Notice that the heat flux diverges like r -' for r-+0.
Case 2 is the most important in the context of this paper, since it corresponds to a finite temperature at the center. Definingz=&,@,b-'G;f-' and 2 = 5 2/( z0, ), one obtains u= -f + 2 (i pi.jz')s;
i=l j=lJ
where the coefficients pi. j, y,, j, and T,, j are independent of O,, Go, and & . The first coefficients are given by
In this case, the heat flux goes to zero in the center like Y '. Furthermore the temperature has a relative maximum or minimum depending on K+2(ap'--l)/(y-1) being positive or negative, respectively. Notice that for z going to zero and 5 being finite, the pressure will become independent of r, since the relation rii,* + yt,O = 0 holds for all i. Physically this means that one has an approximately isobaric regime in the central region. This observation also remains valid in the non-self-similar case and will be exploited in Sec. V.
C. The singularity at a heat wave front
We consider a heat wave with a front running into a cold gas with a density profile p0 (r) x r K; the boundary conditions read
for g-6,. Inserting the power-law ansatz (23) u-+ u* ( 1 -xp, G-1 + 6, 11 -x1", 0-+0,~1 -xl% x=(/ljFp (24) into the reduced equations (9) and taking the asymptotic behavior (23) into account, one obtains
Notice that the last equality requires & ( 1 -x) to be positive, i.e., t( 1 -X) >O; this just means that for exploding (imploding) heat waves time has to be taken positive (negative), The normalization of G( gJ.) = 1 in Eq. (23) is possible since the definition of G in Eq. (8) contains an arbitrary dimensional constant go. Of course, for a solution connecting two singular points, one can use this fact only at one singularity. In order to carry out a numerical integration starting at the heat front, it is important to know the solution close to & with an accuracy considerably higher than the accuracy given by the leading-order terms (24). The next terms of higher order contain powers (Z/b + k) of ] 1 -xl, where land k are integers. Instead of evaluating these terms explicitly, the required accuracy can be obtained more conveniently from the expressions Within this accuracy one can neglect a number of terms in the self-similar equations (9) or (13); the analytic integration of the remaining equations yields Eqs. (26).
D. The singularity at an ablation front
Consider an ablation front (with nonzero mass flow) at 5 = {f characterized by vanishing temperature and heat flux, finite pressure, diverging density, and a reduced gas velocity U-+ 1. This situation is described by the power-law ansatz
Insertion into Eqs. (9) gives
where we have assumed 0 < a, < 1, since for o, greater than one there will be no ablated mass. In analogy to the preceding subsection one obtains, with a relative accuracy of
where &(U-1)/U,, ~=uu:/o,.
E. The isothermal shock conditions
Because of heat conduction the temperature is continuous at a shock front, but the temperature gradient has a jump. This is called an isothermal shock. Denoting the quantities behind and in front of the shock by the indices 1 and 2, respectively, the isothermal shock conditions read
where D is the shock velocity. Introducing the reduced variables, using the equation of state (3), and solving for the quantities behind the shock, one obtains
IV. NUMERICAL INTEGRATION OF THE SELF-SIMILAR EQUATIONS FOR THE POINT EXPLOSION .
In this section, we look for completely self-similar solutions for the point explosion with heat conduction by integrating the equations derived above. The point explosion is characterized by the sudden release of an energy E. at the center r = 0. The surrounding cold gas is assumed to have a radial density profile p = g, r K; due to the boundary conditions, the density exponent K has to be equal to the density exponent K in the similarity ansatz (8). In accordance with this ansatz, the total energy scales with time like E tot ( t) a t a(n + ' + K' -2, and energy conservation therefore requires
For the standard Casey = 0 and n = 3, this condition implies a = ; and leads to the shock trajectory r, = gs',S*t 2'5. For self-similar solutions, however, energy conservation combined with the solvability condition (7) fixes the values of a and K to 26 -2a + 1 (2b-l)n+2 a= 2b -(n + 2)a + n '
Kc -' 2b -2a + 1 (33) Notice that 0 <a: < 1 and -n <K < 0, since a<0 and 6) 1 is assumed. In the following, the spherical case n = 3 is considered. For given parameters a, b, and y, solutions depend on the quantities E,, g,, and 2xo/Ib + ', which are combined in the dimensionless parameter
For sufficiently strong explosions with large 1, the leading front at the interface between the explosion wave and the unperturbed gas is carried by a heat wave and is described by gJ = r/(ct "). It turns out that the solution curves in the (U,O"') plane describing this case have to connect points on different sides of the sonic discontinuity (compare Sec. III A and Fig. 2 ) and therefore must contain a jump corresponding to an isothermal shock, located, say, at 6 = [, < L$~. By an appropriate choice of the constant 5 in the definition (8) of 6, we normalize {s to LJ~ = 1. Decreasing the strength /z of the explosion, one finds &;-l$,, and eventually the leading front acquires the character of a strong shock front.
A. Integration procedure
The numerical procedure is most easily explained in terms of the solution curves in the (U,O"') plane, shown schematically in Fig. 2 . Using the boundary conditions at a heat wave front, derived in Sec. III C, we start the integration of Eqs. (9) value cJ > 1 and a trial value /30. The arrows on the solution curve in Fig. 2 point in the direction of decreasing f. We proceed with the integration down tog = 1, apply the shock conditions (31) to cross the sonic line U = 1 -@, and continue the integration toward 6 = 0. Depending on & , a family of curves is obtained in which all except one run into the upper or lower sonic line and are therefore nonphysical. The unique physical solution with &, (gf) is found by trial and error as the separatrix of this family of curves; it runs to the singular point ( -K/TZ, 00 ) in the ( U,0"2) plane which corresponds to f = 0.
From the definition ( 10) of&, the energy equation, and the definition (34) of il, one now obtains
where
Notice that the strength /2 determines the solution completely, except for the constant c which is obtained from the value of E, /go.
B. Special remarks
At this point, we want to make a few remarks on the existence and on different versions of the solution obtained above, depending on the parameters a, b, and y. The entropy exponent depending on a and b through relations (331, distinguishes between solutions having a temperature maximum (E > 0) or a temperature minimum (E < 0) at the center; this was already discussed in Sec. III B. The physical significance of e becomes clear when using ansatz (8) to calculate the entropy function p/p'= r -'A({).
(37) It is seen that E determines the radial entropy distribution; here, A (8) is the reduced entropy function. In the case without heat conduction,' the temperature near the center behaves like T(r,t) ar -E/C?-It.t --a(ny-2n-K)/(y-I) and diverges or vanishes for r-+0, depending on the sign of e. The effect of heat conduction is to make the central temperature finite with a relative maximum or minimum, respectively. Values of e > 0 (E < 0) correspond to y < 'yO ( y > y0 ) with
(38) There is another limit yt restricting the region in which selfsimilar solutions exist at all. For the case without heat conduction, this limit can be read off from Sedov's solution in the Appendix to be y, = (3H -2 + K)/(E -2 -K).
(39) Solutions exist for y < y, (or y > y, if y, < 0). For n = 3 and K = 0, one has y, = 7. A self-similar solution for y = 7 was found by Primakoff (see Ref. 8) ; it has constant reduced velocity U and temperature 0, and therefore differs essentially from Sedov's solution.
A y, limit appears to exist also for the case with heat conduction. Although we have not yet found a rigorous proof, there is numerical support for the assumption that Eq. (39) is still valid in this case; the limiting value is obtained with the K of Eq. ( 33) to be
Choosing n = 3, a= -2, and b= 9, we have y, = l$ z 1.57; numerically we found solutions for values of y up to 3, but could not find a solution for y = $ Let us make another remark concerning the transformation of the leading heat front (gJ > 1) into a strong shock as gX-+ 1. This transformation is most easily obtained in terms of relations (26), valid close to a heat front. The first observation is that IJ, -t 0 for Jf -+{,Y = 1. From the definition ( 11) of the heat velocity W, it then follows that its vaIue behind the shock vanishes, W, -0, since H, , 0, , and (a'), are finite: the index 1 denotes values just behind the shock front. With W, = 0, Eqs. (26) give U, =,u/(y+ l), G, =p+ 1, 0, =,a'(p+ 1)'.
(41) These are the conditions for a strong shock in the case without heat conduction, expressed by ,U = 2/(y -1). Temperature T, density p, heat flux S, and velocity u are given as functions of the radius r/rs, where r, is the location of the shock front. The results correspond to a = -2, b = y, and y = $ In Fig. 3 , a conduction-dominated case is shown with the heat front at r/rr = 2, far ahead of the shock front. The heat wave character of the leading front is clearly displayed by the large heat flux in the region 1 < r/r3 < 2; in contrast, density and velocity show large values just behind the shock front at r/r5 = 1. A hydrodynamically dominated case is seen in Fig. 4 . Here, the leading front at r/rs = 1 is a strong shock with the characteristic density and velocity discontinuities as well as vanishing heat flux. The heat wave has retreated to the inner region of the explosion wave, but is still clearly marked by the sharp front in the temperature and heat flux profiles at r/r, ~0.5. Notice that temperature and density are finite in the center due to heat conduction. The pressure, not plotted in Fig. 4 , is almost constant over the heat wave region.
Figures 3 and 4 visualize the central result of this paper. The two physical mechanisms-hydrodynamic transport and nonlinear diffusive transport, both leading to wavelike structures with sharp fronts-clearly separate from each other. The individual features of these waves persist due to their highly nonlinear nature. In particular, the strong temperature dependence of the heat conductivity is important. One should notice that the change from hydrodynamic (Fig.  4) to heat transport dominance (Fig. 3) occurs rather suddenly. It corresponds to an increase of E, by a factor of 14, keeping all other parameters fixed. Further doubling of E, would boost the heat front to LJ,Jgs ~20, and the total explosion wave would approach Barenblatt's pure heat wave solu- tion. On the other hand, reducing E, to values below the one of Fig. 4 leads to {,/gs -+ 0 with a heat wave present only close to the center. Since this region is almost isobaric, it can be treated analytically as outlined in the next section.
V. ISOBARIC HEAT WAVE IN THE CENTER OF STRONG EXPLOSIONS
We have seen that the point explosion has a self-similar solution only if the surrounding gas has a density profile proportional to r K with K = ~~ z -2, calculated according to condition (33) for typical exponents a and b of the heat conductivity. In this section, we consider non-self-similar situations, in particular the case of a uniform gas with K = 0; for generality, however, the discussion also includes other cases with K > K~. For such density profiles, the relative position of shock and heat fronts changes with time, as was shown schematically in Fig. 1 . Asymptotically for times t$ t, , an interesting regime develops in which both the total explosion wave with a shock front at r, at" as well as the heat wave with a front at r,, a t ' and r,, + r, become selfsimilar waves, but with different similarity exponents. The heat wave exponent S is smaller than a and is also different from the exponent of the pure heat wave discussed in the Introduction. Analytic relations are derived for the central temperature and the radius of the heat wave region.
A. The isobaric approximation
The key for this solution is the observation that the pressure determined by the hydrodynamic motion is almost uniform in the central region and nearly unaffected by heat conduction. This is what we have learned from the pure self-similar analysis in Sec. IV. The heat wave equations will be solved for an isobaric regime described by "O (al p(t) =pot -na, 1 
where s= -x~@T"$ p=+Tq
We have taken into account that r n-'U and r me 'S vanish for r-+0. Further considerations are restricted to the spherical case n = 3. We are looking for a similarity solution in the form
This somewhat complex ansatz is chosen in such a way that the resulting differential equations for F(w) and V(w) have a simple form and a minimum of parameters. Indeed, with the ansatz (44) Eqs. (43) can be reduced to ('+ ' --' , and the reduced heat flux 3 are plotted versus fi = c,r/t ', Although these curves are smooth and contain no real kinks, they show a front with a rather sharp transition from an inner region with a large heat flux to the outer region with negligible heat flux. Actually, the asymptotic behavior of these solutions for W-P w is found from Eqs. (45) to be
with the boundary conditions B=j A(b + 1 -a) + 1.
In the outer region, the expressions for the temperature and and the velocity have to coincide with those of the pure hydrody-AE a'y-fl namic explosion given by Sedov's solution, i.e., the isobaric S -a/y ' heat wave solution for w -+ CO has to be matched with Sedov's provided that the similarity exponent 6, determining the solution for S-0. A detailed analysis shows that this can be heat front trajectory rh a t ', is achieved provided that B>O,
and The parameters fl and 7. defining the temperature S-a/y>O.
T(t) = T()'f 36-3a at r = 0 will be determined as the next Comparing the temperatures and using Eq. (461, one obstep.
tains
where the constants c, Do, andp, are given by Sedov's solution in the Appendix.
c, (K,y,d') =
Notice that, at this point, the central temperature is determined up to the constant we, which has to be obtained by numerical integration of Eqs. (45). The second constant of interest, also to be obtained numerically, is the location w,, of the heat front. As we have seen in Fig. 5 , this front is rather sharp for largeenough values ofA and (b + 1 -a) and may be characterized numerically by the maximum curvature of V(w). For practical applications, we give the approximations
The central temperature at t = t, is given by lT(OJ, ) = 7-0t:p-3a 
[(~+3)(6a-~l-~)+4~~+6-33y)l/Z~y-l)~6b--+tK(2b-2Zn+l)l 2~5+x) [l+~r(l-~)l/[6b-l++K(2b-2a+l~l. c2 (K,y,',a,b) = 60 (54b) From these formulas one can evahrate all relevant quantities. Since the evaluation of C, and C, is tedious, we give some values in Tables I and II , respectively. We have chosen K = 0, some values of y, and three different pairs of exponents (a,b) , corresponding to electronic heat conduction, to radiative heat conduction in the Dyson limit, and to radiative heat conduction in a fully ionized plasma. Comparing the expressions (53) and (54) for t, and TT(O,t, ) forK = 0 with estimates based on the assumption of a pure heat wave and a pure hydrodynamic wave (see Fig. 1 and the Appendix), one sees that the only difference lies in the values of the constants C, and C,, respectively; they differ by factors of 2-6 for the parameters chosen in Tables I and II. Finally, the isobaric approximation is compared with the pure hydrodynamic solution in Fig. 6 . It shows a snapshot of the solution at t = lOOt, for the parameters a = 0, b = 3, K = 0, and y = ;. The dashed lines represent the point explosion without heat conduction, valid in the outer region; the full lines represents the isobaric approximation, valid in the inner region. One clearly sees that the isobaric approximation is well fulfilled at t = lOOt, in the inner region r/r, < 0.6 where the heat front is located. Because of the selfsimilarity of the inner and outer solutions, one can obtain a snapshot at a different time by means of simply stretching the axes; notice that the stretching factors are different from each other for the inner and outer solutions.
Let us make a final remark. As a result of our approximations, the total energy will not be exactly constant in time, but will slightly increase with time, reaching asymptotically the value Eo. For the parameters chosen in Fig. 6 , we have E( t, ) = 0.672Eo, E( lot, ) = 0.9937&, and E( lOOt, ) = 0.999 57Eo. In fact, the energy difference at a given time is an appropriate quantity to measure the validity of the approximation. 
VI. SUMMARY AND CONCLUSIONS
The interplay between two types of nonlinear wavesstrong shock waves representing hydrodynamic transport and heat waves originating from transport by nonlinear diffusion-has been studied in considerable detail for the classic problem of a strong explosion in a surrounding gas. Although the mathematics of the coupled system is quite complex, the qualitative physical result is remarkably simple. It turns out that the wave fronts which would occur for either pure hydrodynamic or pure heat conduction transport survive in the coupled case, though the front trajectories are somewhat modified due to the interaction.
The method followed in this paper was to study in full detail the self-similar case, in which the relative position of the fronts does not change with time, and to present exact solutions based on numerical integration. For the important case of an ambient gas with uniform density, the fronts change their position relative to each other, and the trajectories cross at a certain time t, . For times f<t, , the leading front is driven by heat conduction, and an isothermal shock front forms inside the heat wave. This phase corresponds to the "supercritical" regime of stationary shock waves, discussed in Ref. 5, in which a heat wave precedes the shock front. Since the strength of the explosion wave decreases with time, the heat front retreats, but does not disappear when overtaken by the shock front.
A major result of this paper is that a sharp heat front appears inside the shock region at times t% c, . The asymptotic situation is that the hydrodynamic wave quickly approaches the classic solution of a point explosion, modified by heat conduction only in a locally well-defined region such that the central temperature remains finite. As a new result, an analytic solution for this heat wave is derived, based on the fact that the central region is isobaric. It is shown that the heat wave becomes self-similar, although with a similarity exponent different from that of the overall hydrodynamic wave and also different from the pure heat wave. Explicit expressions for the central temperature and the radius of the heat front are given. They may help to analyze, e.g., the microexplosions considered for inertial confinment fusion.'*" ACKNOWLEDGMENTS Discussions with S. Anisimov and S. Coggeshall on the topic of this paper are gratefully acknowledged.
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APPENDIX: PURE HYDRODYNAMIC AND PURE CONDUCTION CASES
For reference, this appendix first contains the solution of the point explosion without heat conduction found by Sedov' and, second, the corresponding solution of the heat 1 P= ny-n+2 n+2+K '
wave equation without hydromotion derived by Barenblatt.3 Both solutions are self-similar and are given for plane, cylindrical, and spherical symmetry. The surrounding gas is assumed to have zero temperature, a density distribution p=w , K and to be at rest. The heat wave is given for K = 0 only. At time t = 0 an energy E, is released at the center; this is the only energy source. The equation of state of an ideal gas (3) is assumed.
1. Sedov's solution The invariants of the hydrodynamical equations are given by Eq. (8) Notice that the function O(U) satisfies the strong shock conditions. Here D, and D, have been chosen such that the strong shock conditions are satisfied at 6 = 1. Energy conservation gives the dimensionless constant <,, co-- (,I+2 tx) = 2sn (n + 2 + Kj2 X where S,, = 1, 2rr, and 4~ for n = 1, 2, and 3, respectively. After inserting (A2), one has to carry out the integration I over U numerically; typically &, is near unity. Sedov found this solution for n = 3 and K = O-the most relevant case. ' Since the solution O( U) is independent of n and K, the given generalization (A2) is straightforward. There is a restriction on the parameter space. From fiU,,,,, < 1 with U max = 2/( y + 1) at the shock front, it follows (n -2 -K)'7'<3?2 -2 + K, (A61 since the solution has to be regular for 0 <c < 1. For K = n( y -2) some care has to be taken, since %J~ and Ye diverge, their sum remaining finite, and p becomes one. In this case, G(U) will contain an exponential factor. The dimensionless constants pF and Do, used in Sec. IV, are given by 
